N and microsensor techniques. Anammox rates estimated with microsensors were less than 22% of the rates measured with isotopes. It is suggested that this discrepancy was due to the presence of fauna, because the applied 15 N technique captures total N 2 production while the microsensor technique only captures diffusion-controlled N 2 production at the sediment surface. This hypothesis was verified by consistent agreement between the methods when applied to defaunated sediments.
INTRODUCTION
The biologically mediated reduction of NO 3 -+ NO 2 -(NO x -) to N 2 through denitrification is generally considered to be the major process responsible for removal of nitrogen from the sea (Devol 1991) . Until recently, it was believed that denitrification was based solely on the reduction of NO x -to N 2 in an oxygen-free environment by facultatively aerobic bacteria with an organotrophic metabolism (Zumft 1992) . Within this ABSTRACT: The occurrence and significance of the anammox (anaerobic ammonium oxidation) process relative to denitrification was studied in photosynthetically active sediment from 2 shallow-water estuaries: Randers Fjord and Norsminde Fjord, Denmark. Anammox accounted for 5 to 24% of N 2 production in Randers Fjord sediment, whereas no indication was seen of the process in sediment from Norsminde Fjord. It is suggested that the presence of anammox in Randers Fjord and its absence from Norsminde Fjord is associated with differences in the availability of NO 3 -+ NO 2 -(NO x -) in the suboxic zone of the sediment. In Randers Fjord, NO x -is present in the water column throughout the year and NO x -porewater profiles showed that NO x -penetrates into the suboxic zone of the sediment. In Norsminde Fjord, NO x -is absent from the water column during the summer months and, via assimilation, benthic microalgae may prevent penetration of NO x -into the suboxic zone of the sediment. Volume-specific anammox rates in Randers Fjord were comparable with rates measured previously in Skagerrak sediment by other investigators, but denitrification rates were 10 to 15 times higher. Thus, anammox contributes less to N 2 production in Randers Fjord than in Skagerrak sediment. We propose that the lower contribution of anammox in Randers Fjord is linked to the higher availability of easily accessible carbon, which supports a higher population of denitrifying bacteria. Amplification of DNA extracted from the sediment samples from Randers Fjord using planctomycete-specific primers yielded 16S rRNA gene sequences closely related to candidatus Scalindua sorokinii found in the Black Sea by other investigators. The present study thus confirms the link between the presence of bacteria affiliated with candidatus S. sorokinii and the anammox reaction in marine environments. Anammox rates in sediment with intact chemical gradients were estimated using both model, the major NO x -source for denitrification is nitrification, i.e. the bacterial oxidation of NH 4 + or NO 2 -with O 2 . Nitrification and denitrification are associated with the sediment/water interface in marine sediments. Nitrification takes place in the upper oxic zone of the sediment and denitrification in the suboxic zone just below the oxic/suboxic interface (Jensen et al. 1993 (Jensen et al. , 1994 . According to the classical concept, coupled nitrification-denitrification is facilitated by the transport of NO x -from the oxic NO x -production zones to the suboxic NO x -consumption zones in the sediment. In bioturbated sediments, the transport of NO x -from oxic to suboxic zones may be further enhanced by fauna-mediated processes such as biodiffusion and irrigation (Aller 1982 , Aller & Aller 1998 , Kristensen 2000 . This enhanced transport results in elevated production of N 2 (e.g. Pelegri et al. 1994 , Svensson et al. 2001 , Newell et al. 2002 .
The classical view has recently been challenged by the discovery of alternative pathways of combined nitrogen transformations. These alternative pathways include the anaerobic oxidation of NH 4 + to NO 3 -or N 2 with manganese oxides (Luther et al. 1997 , Hulth et al. 1999 ) and the anaerobic oxidation of NH 4 + to N 2 with NO 2 - (Mulder et al. 1995) . While direct experimental evidence for anaerobic NH 4 + oxidation to N 2 with manganese oxides is still lacking (Thamdrup & Dalsgaard 2000) , it is now well documented that NH 4 + can be oxidized anaerobically to N 2 with NO 2 -both in marine sediments and in open waters , Dalsgaard et al. 2003 , Kuypers et al. 2003 , Trimmer et al. 2003 . This biologically mediated process is called anammox (anaerobic ammonium oxidation) (Strous et al. 1999) . Strictly viewed, anammox is equivalent to denitrification since denitrification is defined as the conversion of NO 2 -to gaseous N (Payne 1981) . However, existing literature addressing anammox in natural environments , Trimmer et al. 2003 ) uses the term denitrification for the purely NO x --based N 2 production (E-donor + 2NO x -→ N 2 ) and the term anammox for the production of N 2 from NH 4 + and NO 2 -. For the sake of consistency, we choose to follow this nomenclature.
Little is known about the biogeography of the anammox process, its microbiology, and its importance as a source of N 2 production relative to denitrification. According to current knowledge, the anammox process is carried out by autotrophic, obligately anaerobic bacteria of the phylum Planctomycetes (Strous et al. 1999 , Schmid et al. 2000 , Kuypers et al. 2003 . Knowledge of the microbiology of the process in marine environments is limited to a single study in the Black Sea (Kuypers et al. 2003) , which, however, also linked the occurrence of the anammox process to the occurrence of anammox bacteria of the phylum Planctomycetes. The few published data addressing the occurrence and significance of this newly discovered process in marine environments originate mainly from studies of deep-water, offshore sediments and anoxic water columns (see , Dalsgaard et al. 2003 , Kuypers et al. 2003 . These studies suggested that the anammox reaction may account for 30 to 70% of oceanic N 2 production (Devol 2003) , which poses a great challenge to our view on the control of marine N 2 production. Only very recently has anammox activity been located in estuarine sediment from the Thames estuary, UK (Trimmer et al. 2003) , where it accounted for <10% of benthic N 2 production.
The present study addresses the occurrence and significance of the anammox process relative to denitrification in photosynthetically active sediments from 2 shallow-water estuaries: Randers Fjord and Norsminde Fjord, Denmark. We identified bacteria responsible for the process using anammox-specific FISH (fluorescence in situ hybridization) probes, 16S rRNA genetargeted PCR amplification with anammox-specific primers, and subsequent sequencing and phylogenetic analysis (Schmid et al. 2000) . We furthermore obtained quantitative data on the denitrification and anammox process rates. In order to compare the results of the present study with data from previous studies of the anammox process in marine sediments, we assessed anammox and denitrification activity in sediment slurries according to . This technique estimates the volume-specific anammox and denitrification rates. To assess process rates in sediments with intact chemical gradients, we combined techniques that estimate benthic N 2 production in intact sediment cores (Nielsen 1992 , Risgaard-Petersen et al. 2003 with the 15 N technique of , which also estimates the contribution of anammox to total N 2 production. In addition, N 2 production was estimated from porewater profiles of NO x -, to address the diffusion-controlled activity directly linked to the sediment surface. Microsensor profiles of O 2 and NO x -were furthermore used to obtain a detailed picture of the distribution of oxic and suboxic zones as well as zones of NO x -production and consumption. As O 2 exposure and NO x -availability would be key factors in determining the distribution of anammox bacteria in the sediment, these detailed observations could explain some of the trends observed in anammox activity.
The first phase of this study took place in June 2001. During this phase we quantified anammox and denitrification rates in intact cores and in prepared cores from which fauna had been removed. The second phase took place in April, June and September 2003. In this phase we revisited the sites to further validate the existence of the anammox process, and we furthermore analyzed occurrence of anammox bacteria using the molecular techniques described above.
MATERIALS AND METHODS
Study sites. The study was carried out in Randers Fjord and Norsminde Fjord, Denmark. Randers Fjord is a shallow eutrophic estuary, 27 km long. The study site, Mellerup, is situated 12 km from the mouth of the estuary and at this site salinity ranges from 3 to 15 psu. Water-column concentrations of NO 3 -+ NO 2 -(NO x -) range from 15 to 300 µM over the year and N 2 production from 2 to 6 mmol m -2 d -1 (County of Aarhus 1999). The average water depth at the station is approximately 1 m. The sediment consists of very fine sand with a moderate content of organic C (4% ignition loss) (see Table 1 ). Benthic microalgae (mainly diatoms) were present at the sediment surface. Norsminde Fjord is a shallow eutrophic estuary, 5 km long. The study site Kysing is situated near the outlet, and at this site salinity ranges from 3 to 23.5 psu while NO x -concentrations range from 430 µM to below detection limit over the year, the minimum being found in the summer months (County of Aarhus 1994) . N 2 production ranges from 0.2 to 1.6 mmol m -2 d -1 (Nielsen et al. 1995) . The average water depth at the station is approximately 0.5 m. The sediment consists of medium sand with a moderate content of organic C (4% ignition loss; see Table 1 ). Benthic microalgae (mainly diatoms) are present and periodically form dense mats.
Sediment sampling and handling. Sediment was sampled by hand in Plexiglas tubes at both of the sites. Cores for measurement of total N 2 production, NO x -and O 2 exchange rates anammox rates, and determination of sediment characteristics were collected in 300 mm tubes (inner diameter, i.d., 5.5 mm). Cores used for microsensor measurements of O 2 and NO x -porewater profiles were collected in 100 mm tubes (i.d. 55 mm).
Another batch of surface sediment was collected in Randers Fjord, sieved through a 1 mm mesh screen, and transferred to a plastic container. Sediment cores were then sampled from the container by core tubes of the type used for in situ sampling.
All cores were processed on return to the laboratory. The lengths of the sediment cores used for measurement of total N 2 production and exchange rates of dissolved inorganic nitrogen (DIN) and O 2 were adjusted to 10 cm, and magnetic stir bars were positioned about 5 cm above the sediment surface. The cores were then placed in a reservoir containing site water held at in situ temperature. An external magnetic rotor (ca. 50 rpm) ensured stirring of the water inside the tubes. Cores for microsensor measurements were pushed upward in the Plexiglas cylinder until the surface of the sediment was flush with the cylinder edge, and then placed in an aerated reservoir. Measurements of process rates were initiated within 12 h. Cores containing sieved sediment were pre-incubated as described above in darkness for 1 wk in aerated seawater held at 17°C to allow microbial processes in the sediment to stabilize.
Anammox and denitrification in slurry incubations. In the first phase of the study we used a simplified version of the technique devised by , which allowed us to address only the presence or absence of the anammox process and the contribution of anammox to benthic N 2 production. Slurries were prepared by transferring approximately 1 ml of homogenized sediment from the upper 0.5 cm of the intact Randers Fjord sediment, the sieved Randers Fjord sediment and the intact Norsminde Fjord sediment, to 12 ml gas-tight (Laughlin & Stevens 2003) glass vials (Exetainer, Labco). These vials were placed in an N 2 atmosphere inside a glove bag. The headspace of each vial was then purged with N 2 and capped. The samples were left to stand for 4 h to eliminate the background concentration of NO x -in the sediments. Test experiments showed that NO x -was absent after 2 h pre-incubation. N 2 -purged artificial seawater (Grasshoff et al. 1983) -was then added to the vials (n = 4 for each combination). The vials were transferred to a gas-tight bag purged with N 2 and placed on a shaker tray. After 24 h, 200 µl of a 7 M ZnCl 2 solution were added to the slurries to stop bacterial activity.
In the second phase of the study, we used a slurry technique that allowed us to quantify volume-specific anammox and denitrification rates. The slurries were prepared as described above with the following modifications: Sediment of known weight and density was transferred to the glass vials together with N 2 -purged site water. The slurries were then pre-incubated for 18 h to remove NO x -in sediment and incubation media through denitrification and anammox. Control measurements of O 2 and NO x -confirmed that both O 2 and NO x -were depleted after this period. Subsequently, 100 µl of N 2 -purged stock solution of each isotopic mixture, i.e. (1 . Anammox, denitrification and the contribution of anammox to N 2 production were calculated from the production of 29 N 2 and 30 N 2 in the samples amended with 15 NO 3 -or 15 NO 2 -using the expressions of .
Total N 2 production rates and nutrient fluxes. For both the Randers Fjord and the Norsminde Fjord sediment, total N 2 production rates and O 2 and NO x -exchange rates were estimated in light and in darkness (n = 5 for each treatment). Light was provided by 400 W greenhouse lamps (HPI-T+ mercury, Philips). Irradiance at the sediment surface (photon flux density) was 200 µmol m -2 s -1 . Process rates in the sieved Randers Fjord sediment were only determined in the dark (n = 5). N 2 production was measured with 15 NO 3 -as described by Risgaard-Petersen & Rysgaard (1995) and Dalsgaard et al. (2000) . Exchange rates of O 2 and NO x -were likewise measured as described by Dalsgaard et al. (2000) . Incubations were performed in 2 sessions: fluxes were measured first, and after an equilibrium period of 20 h the N 2 production measurements were performed. All measurements were initiated 4 h after a change in light regime. Abundance of 15 N 2 ( 29 N 2 and 30 N 2 ) gas in the 15 NO 3 --amended cores was measured by combined gas chromatography/mass spectrometry as described above. Concentrations of NO 3 -and NO 2 -were determined by the vanadium chloride reduction method (Braman & Hendrix 1989) on an NO x -analyzer (Model 42c, Thermo Environmental Instruments). O 2 was measured by Winkler titration (Grasshoff et al. 1983) . Total 14 N-N 2 production rates were calculated from the production rates of 29 N 2 and 30 N 2 in the 15 NO 3 --amended cores using the isotope pairing technique (IPT) (Nielsen 1992 ). Light was provided by a halogen lamp. Profile measurements in cores of sieved sediment were performed only in darkness. A Clark-type O 2 sensor (Revsbech 1989) , and a nitrate plus nitrite (NO x -) biosensor (Larsen et al. 1997 ) were used to measure concentration profiles of O 2 and NO x -, respectively. The measurements were performed as described by Meyer et al. (2001) . Profiles of O 2 and NO x -production rates were obtained by modeling the experimental data using the numerical method described by Berg et al. (1998) . The sediment diffusion coefficient (D s ) used in these calculations was estimated from the free-solution diffusion coefficient of O 2 and NO 3 - (Li & Gregory 1974) and sediment porosity (Boudreau 1997) . Diffusive O 2 and NO x -uptake was calculated as the difference between the depthintegrated production and consumption estimated from the profiles of O 2 and NO x -production. Diffusive N 2 production was estimated from the depth-integrated NO x -consumption rates in the suboxic sediment strata according to the following rationale: N 2 production (p 14 ) is the sum of anammox and denitrification, and while 2 N 2 -N atoms are produced for every NO 2 -being reduced through anammox, only 1 N 2 -N atom is produced for every NO x -being reduced through denitrification. Thus:
where NO 2 -anammox is the rate of NO 2 -reduction via the anammox process, NO x -denitrification is NO x -reduction via denitrification and NO x -red is the total rate of NO x -reduction in the O 2 -free sediment strata. The rate of N-N 2 production via anammox can be expressed as follows:
where ra is the contribution of anammox to N 2 production.
The rate of NO 2 -reduction via anammox can then be expressed as follows: (3) and p 14 is thus equivalent to:
As in the total N 2 production measurements, we used the contribution of anammox to N 2 production estimated through slurry incubations in the first phase of this study as a proxy for ra.
Phylogenetic inference and fluorescence in situ hybridization (FISH). Analyses for anammox bacteria were performed on sediment sampled from the upper 0.5 cm of the Randers Fjord sediment. DNA extraction, cloning, sequencing, phylogenetic inference and FISH experiments were performed as reported by Schmid et al. (2003) . Probes used in this study were S-*-Amx-0368-a-A-18 (detecting all anammox organisms), S-*-BS-0820-a-A-22 (detecting candidatus Scalindua sorokinii and candidatus S. wagneri ) and S-P-Planc-0046-a-A-18 (detecting bacteria in the phylum Planctomycetes). (For further probe details see www.probeBase.net; Loy et al. 2003.) Sediment characteristics. Grain size distribution was determined on 3 pooled sediment cores from the sites as described by Berg et al. (2001) . Sediment permeability was estimated from the porosity and the mean diameter of sediment particles using the Carman-Kozeny equation (Boudreau 1997) . Chlorophyll a was determined on sediment subsamples collected from the upper 0.5 cm of the sediment (n = 3) using the method of Lorenzen (1967) . Organic carbon content and porosity (vol/vol) were likewise determined on sediment subsamples from the upper 0.5 cm (n = 3), and estimated from loss on ignition and the water contents of known volumes of sediment. The fauna density was determined in 3 cores from the site. The sediment in these cores was sieved through a 0.5 mm sieve and animals found were sorted into groups and counted.
RESULTS

Sediment characteristics
More than 75% of the sediment particles in Randers Fjord were <125 µm, and according to the UddenWenworth scheme (Fütterer 2000) , the sediment from Randers could thus be characterized as very fine sand (Table 1 ). The sediment from Norsminde was somewhat coarser, with 63% < 500 µm, and could be classified as medium sand. Sediment permeability was 4 × 10 -15 m -2 and 3 × 10 -14 m -2 in the Randers Fjord and Norsminde Fjord sediment, respectively, and according to Glud et al. (1996) Table 2) .
The contribution of anammox to total N 2 production was 6.2 and 10.6% in the intact and sieved Randers Fjord sediment, respectively, in the Phase 1 experiments. The contribution of anammox to N 2 production in Norsminde was below detection limit.
Volume-specific anammox activity estimated from slurry incubations of sediment from Randers Fjord was highest in April (ANOVA, p = 0.01), whereas no significant difference was seen between rates obtained in June and August (Table 3 , ANOVA, p = 0.6). Volumespecific denitrification rates were highest in June and lowest in April (Table 3 , ANOVA, p = 0.01). Accordingly, the contribution of anammox to N 2 production varied over the period investigated: anammox contributed approximately 26% in April, whereas the contribution from anammox in August was only 5%. There was no significant difference between rates obtained with NO 3 -or NO 2 -as substrate in either denitrification or anammox activities (ANOVA, p > 0.5; Table 3 ).
Phylogenetic analysis and detection of anammox bacteria
Phylogenetic analysis showed that the 16S rRNA sequence amplified from DNA extracted from the Randers Fjord sediment was affiliated with the anammox organism candidatus Scalindua sorokinii (Fig. 2) . The overall sequence similarity to candidatus S. sorokinii was about 99%. FISH demonstrated that the organisms affiliated with candidatus S. sorokinii /candidatus S. wagneri were the only detectable anammox bacteria in the sample (Fig. 3) . No other Planctomycetes were detected.
Porewater profiles
Average O 2 and NO x -concentration profiles and depth-specific rates of O 2 and NO x -production calculated from porewater profiles are shown in Figs. 4 & 5. In sediment cores from Randers Fjord, zones of NO x -production and consumption zones were separated at the oxic/suboxic interface. A very high production of oxygen by benthic microalgae in the top 0.3 mm of the sediment from Randers Fjord caused O 2 and NO x -penetration depths to increase by more than 1 mm during illumination. Despite these changes there was no sig- nificant difference in net NO x -consumption/production rates in light and darkness (Student's t-test, p > 0.2). In the sieved sediment, the distribution of NO x -production and consumption zones relative to the oxic/ suboxic interface was similar to that found in natural cores from Randers Fjord. However, the rates of the NO x -transformation processes were higher (Fig. 5 ).
Porewater profiles in dark-incubated cores from Norsminde Fjord showed distinct zones of NO x -production and consumption. Net NO x -production was lowest in light (Student's t-test, p = 0.03) whereas no significant difference was seen in net NO x -consumption rates measured in darkness and in light (Student's t-test, p = 0.07). In contrast to the other sediments, oxygen and NO x -were depleted at approximately the same depth (0.3 mm), and NO x -was consumed in the oxic zone well above the oxic/suboxic interface during both illumination and darkness (Fig. 4) . A control experiment showed that N 2 was produced only in the absence of O 2 (data not shown), and NO x -consumption in the oxic zone was therefore not due to aerobic denitrification but most probably to microphytobenthic N-assimilation.
Total and diffusive N 2 production rates
Area-based rates of anammox and denitrification estimated from the porewater profiles of NO x -, the IPT and the revised IPT are shown in tion rates estimat ed with the IPT were not statistically different from the rates estimated with the revised technique. Likewise, no significant difference was seen between rates measured during illumination and during darkness (Student's t-test, p > 0.1). On a diurnal scale, N 2 production rates estimated with 15 N isotopes in Norsminde Fjord were similar to the activity measured in Randers Fjord p = 0.48) . N 2 production estimated from porewater profiles in the intact sediment from Randers Fjord was less than 20% of the activity measured with 15 N isotopes. The discrepancy was even more pronounced in the sediment from Norsminde Fjord, where porewater profiles showed that NO x -did not penetrate to the suboxic layers of the sediment, indicating absence of denitrification activity, although the IPT revealed high N 2 production rates. N 2 production rates estimated from the porewater profiles in the sieved and defaunated Randers Fjord sediment were not significantly different (Student's t-test, p = 0.47%), however, from the estimates based on the revised IPT applied to the same sediment.
Exchange of O 2 and NO x -between sediment and water column
Exchange rates of O 2 and NO x -estimated from porewater profiles and from flux-core measurements are shown in Table 5 . Whole-core measurements showed a consistent net uptake of O 2 in all cores at all times, whereas microsensor profiles indicated net efflux of oxygen during illumination. In darkness, the total O 2 uptake was about 7 (Randers) and about 20 (Norsminde) times higher than the diffusive uptake estimated from porewater profiles. A similar discrepancy was observed for NO x -fluxes, which also showed a consistent net uptake of NO x -in all undisturbed sediments when measured from whole cores. Porewater profiles, on the other hand, indicated a small efflux of NO x -from sediment cores from Randers Fjord in both light and darkness. In the sediment from Norsminde 0 191 (38) in the dark and uptake in light at a rate more than 10 times lower than the uptake measured in whole cores. In contrast to the natural sediments, neither O 2 nor NO x -fluxes measured in whole cores prepared from sieved sediment were significantly different from equivalent parameters estimated from porewater profiles (Student's t-test, p = 0.2; Table 5 ).
DISCUSSION Presence and absence of anammox in estuarine sediment
In our search for alternative N 2 -producing processes, we found evidence of anaerobic NH 4 + oxidation in the presence of NO 3 -in slurries prepared with sediment from Randers Fjord ( Table 1 ). The lack of 15 N-N 2 accumulation in samples from both fjords incubated with only 15 NH 4 + excludes the possibility of coupled nitrification-denitrification, which might have occurred if O 2 had been introduced into the slurries by mistake at the beginning of the experiment. Anaerobic oxidation of NH 4 + to NO x -or N 2 with, for instance, MnO 2 (Luther et al. 1997 , Hulth et al. 1999 can also be excluded. If this process was significant, NO Strous et al. (1999) . Thus, our data are strong proof of the presence of the anammox process in sediment from Randers Fjord. Furthermore, our data show that anaerobic NO 2 -generation rates were sufficiently high in this sediment to provide the bacteria with enough substrate for the reaction, as indicated by the fact that anammox rates measured with 15 NO 3 -and with 15 NO 2 -were similar (Table 3) . Autotrophic bacteria of the phylum Planctomycetes have been shown to be responsible for the anammox process (Strous et al. 1999 , Schmid et al. 2000 , and recently occurrence of anammox in the anoxic water column of the Black Sea was associated with the presence of a newly discovered Planctomycetes species candidatus Scalindua sorokinii (Kuypers et al. 2003) . Phylogenetic analysis of 16S rRNA gene sequences amplified from DNA extracted from the Randers Fjord sediment showed a close relationship to candidatus S. sorokinii (Fig. 2) . FISH analysis of sediment samples from Randers Fjord also showed the presence of small clusters of cells belonging to candidatus S. sorokinii (Fig. 3) , confirming further that the bacteria belonging to the phylum Planctomycetes found in the Randers Fjord sediment were all affiliated with candidatus S. sorokinii. Since the FISH and the 15 N isotope data are consistent, the present study confirms the link between presence of bacteria affiliated with candidatus S. sorokinii and the anammox reaction in marine environments observed by Kuypers et al. (2003) in the Black Sea. It is remarkable that so closely related species are present in so distantly related environments as the anoxic water column of the Black Sea and the Randers Fjord sediment. However, this finding is in line with the classical view of Beijerinck (Brock 1961 ) that any bacterial species can occur anywhere, provided its environmental requirements are met, due to the enormous microbial population sizes that result in high dispersal probability and low probability of local extinction (Finlay & Clarke 1999 , Fenchel 2003 .
Our failure to demonstrate the existence of anammox in Norsminde Fjord (Table 2) indicates that the anammox process is not ubiquitous. We propose that the existence of anammox in the surface sediment of Randers Fjord and the absence of the process from Norsminde Fjord may be linked to differences in the availability of NO x -in the suboxic zone of the sediment. At the study site in Randers Fjord the watercolumn NO x -concentration is always above 15 µM (County of Aarhus 1999 , Nielsen et al. 2001 , and nitrification rates are high (Nielsen et al. 2001) . Porewater profiles of NO x -measured in the surface sediment furthermore showed that NO x -penetrates into the suboxic zone, where it is consumed (Fig. 4) . In contrast, 301 water-column NO x -is depleted in Norsminde Fjord during the summer months (Nielsen et al. 1995) , and assimilation by benthic microalgae can prevent penetration of NO x -into the suboxic zone of the sediment (Fig. 4) , probably because the supply of NO x -from the water column is low (see for instance Meyer et al. 2001 ). According to current knowledge, anammox bacteria are slow-growing obligate anaerobes and base their energy production solely on NO 2 -and NH 4 + conversion (Strous et al. 1999) . In contrast, most denitrifying bacteria are organotrophic organisms capable of using O 2 as an electron acceptor (Zumft 1992) . Thus, denitrifying bacteria seem better adapted to the fluctuating availability of O 2 and NO x -imposed by microalgae. Experimental studies of anammox and denitrification in sediments with and without microphytobenthic activity confirm this hypothesis (R. L. Meyer & N. Risgaard-Petersen unpubl.) . Nitrite porewater profiles furthermore indicate that net NO 2 -production takes place mainly in the suboxic zone of the sediment as a result of NO 3 -reduction (Stief et al. 2002) . This may indicate that anammox bacteria are dependent on release of NO 2 -from anaerobic NO 3 -reducers such as denitrifying bacteria. If NO 3 -availability is low, as in Norsminde Fjord during the summer months, the loss of NO 2 -from denitrifiers would probably be insignificant and insufficient to support a population of anammox bacteria.
Importance of anammox as an N 2 source in Randers Fjord
In the surface sediment of Randers Fjord we observed the highest volume-specific anammox rates in April and the lowest in September 2003, suggesting that the activity of anammox bacteria decreases during the course of the summer period. Denitrification did not follow a similar trend, and as a consequence the contribution of anammox to N 2 production decreased from 26 to 5%. This indicates seasonal variations in the abundance of the respective bacterial groups and that denitrifying bacteria and anammox bacteria are controlled in different ways. The observed indications of seasonal fluctuations in the contribution of anammox to N 2 production probably reflect differences in the availability of organic carbon and NO x -over the season. In the summer months, O 2 consumption rates in Randers Fjord are generally higher than during spring and winter (Nielsen et al. 2001 ). This may indicate that the availability of organic carbon is higher and that conditions are more favorable for the organotrophic denitrifying bacteria than for the lithotrophic anammox bacteria in the sediments during the summer period.
The volume-specific anammox activity measured in Randers Fjord was close to the activity measured in the Skagerrak (5 nmol N cm -3 h -1
) at Stn S9 at the temperature applied in the present study (16°C) (see and within the range reported by Trimmer et al. (2003) for the Thames Estuary (0.2 to 10 nmol N cm -3 h -1
). This may be an indication that population densities of anammox bacteria in Randers Fjord, Skagerrak and Thames sediments are comparable. Despite these similarities, anammox in Randers Fjord and the Thames is relatively less important as a source of N 2 production (ra = 5 to 25% in Randers Fjord [Tables 2 & 3] and 1 to 8% in the Thames Estuary) than in the Skagerrak sediment, where the process accounts for ca. 70% of N 2 production . Volume-specific denitrification rates in Randers Fjord exceeded the rates in the Skagerrak by a factor of 15 in April and a factor of 30 in August. The Randers Fjord sediment thus seemed to be a more favorable habitat for denitrifying bacteria than the Skagerrak sediment, which explains the difference in contribution of anammox to N 2 production. This is not surprising, as it is well known that benthic carbon mineralization rates decrease with increasing water depth (Canfield 1993) due to a decrease in easily degradable carbon. The Skagerrak sediment (water depth 695 m) would thus be expected to have a much lower heterotrophic microbial activity than the shallow Randers Fjord (water depth ca. 1 m), which is furthermore heavily eutrophic. The difference in overall heterotrophic activity between Randers Fjord and the Skagerrak is reflected both in the O 2 penetration depth and in the sediment O 2 uptake rate. The O 2 penetration depth in the Skagerrak sediment is 1.5 cm and the sediment O 2 consumption rate 4 mmol m -2 d -1 , which is 10 times higher and 150 times lower, respectively, than the equivalent parameters measured in darkness in Randers Fjord in the present study.
Anammox and denitrification in cores with natural substrate gradients
Sediment anammox rates presented in the literature , Trimmer et al. 2003 are at best potential rates, being estimated with methods that disrupt the natural substrate gradients in the sediment. In the present study, we applied 15 N and microsensor techniques to estimate anammox activity in sediments with intact stratification. The applied 15 N calculation procedures -the IPT (Nielsen 1992 ) and the revised IPT (Risgaard-Petersen et al. 2003 ) -yielded similar esti-mates of anammox and denitrification rates (Table 4) because the contribution of anammox to N 2 production was too low to seriously affect the assumptions underlying the IPT (Risgaard-Petersen et al. 2003) . Using the revised IPT on 15 N 2 raw data from Rysgaard et al. (2001) , Risgaard-Petersen et al. (2003) estimated an anammox rate of 4 µmol N m -2 h -1 in the Skagerrak sediment studied by . This is between 18 and 29% of the rates estimated in Randers Fjord with 15 N isotopes ( Table 4 ). The anammox process is thus quantitatively more important in the Randers Fjord sediment than in the Skagerrak.
We observed a large difference between the estimates of denitrification and anammox obtained with microsensors and those obtained with 15 N isotopes (Table 4) . N 2 production rates estimated from interpretation of porewater profiles were 22 and 0% of the N 2 production rates obtained with 15 N isotopes in the Randers Fjord and the Norsminde Fjord sediments, respectively. A similar difference was observed when total and diffusive O 2 and NO x -uptake rates were compared (Table 5 ). This discrepancy was probably due to the presence of fauna, because the applied 15 N technique captures total N 2 production, while the microsensor technique only captures the diffusioncontrolled N 2 production at the sediment surface. This hypothesis is supported by the consistent agreement found between the methods regarding all parameters measured in the sieved and defaunated sediment from Randers Fjord (Tables 4 & 5) . Furthermore, the hypothesis is fully in line with conclusions from previous studies comparing diffusive O 2 or N 2 O fluxes estimated from microsensor profiles and total exchange rates in impermeable sediments (Andersen & Helder 1987 , Binnerup et al. 1992 , Glud et al. 1994 , Berg et al. 2001 . The mechanisms responsible for this fauna-mediated stimulation of biogeochemical processes include enhanced porewater transport caused by biodiffusion and irrigation as well as a several-fold increase in the area of the oxic/suboxic interface in the presence of polychaete burrows (Kristensen 2000 & references therein) . Several experimental studies addressing the impact of benthic animals on the N-cycle processes have shown that via these mechanisms benthic fauna may significantly stimulate benthic N 2 production (e.g. Binnerup et al. 1992 , Pelegri et al. 1994 , Svensson et al. 2001 , Newell et al. 2002 .
